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April 26, 2022 2001-847-19 
 
 
 
Mr. Andrew Haneiko 
USEPA-Region III - (3SD21) 
1650 Arch Street 
Philadelphia, PA  19103-2029 
 
RE: Crater Resources Superfund Site  

2021 Annual Monitored Natural Attenuation (MNA) Report 
 
Dear Mr. Haneiko: 
 
Enclosed please find three copies of the 2021 Annual Monitored Natural Attenuation (MNA) 
Report prepared by Key Environmental, Inc. on behalf of the Crater Resources Cooperating 
Respondent Group (the Group).  This Report discusses the results of the March and September 
2021 groundwater sampling events which were conducted in accordance with the Monitored 
Natural Attenuation Work Plan (MNAWP).  The monitoring frequency was reduced to a semi-
annual monitoring program in 2013 with continued annual reporting as approved by USEPA in a 
letter from Joseph McDowell dated April 30, 2013. 
 
The 2021 Annual MNA Report incorporates USEPA reviewer comments for the 2020 Annual MNA 
Report that were provided via email on March 9, 2022.  These comments (in bold) are also 
responded to herein: 
 
USEPA Comment:  On page 3-4, the report states that chloroform has not been detected 
historically in the center of plume wells.  Chloroform is a COC in the center of the plume 
and has a cleanup goal, based on the RI findings. Section 4.1, 3rd paragraph, raises good 
points concerning chloroform, but again, chloroform does have some association with the 
site history. 
  
Response: The referenced statement regarding chloroform not being detected historically in the 
center of plume (COP) monitoring wells has been removed from the 2021 report.  However, it 
should be noted that chloroform is not typically detected in the COP monitoring wells.  The RI 
stated that chloroform was detected in the onsite groundwater samples at concentrations ranging 
from 0.12 to 3.0 ug/L.  The onsite chloroform groundwater sample data is similar to the 
background wells (BG-1S and BG-1D) sample data, which indicate background chloroform 
concentrations up to 2.4 ug/L.  The chloroform cleanup standards specified for the COP wells (1 
ug/L) and extent of plume (EOP) wells (0.015 ug/L) are less than the concentrations that have 
been detected in background wells.    
  



Mr. Andrew Haneiko 
USEPA-Region III – (3SD21) 
2001-847-19 
April 26, 2022 
Page 2 of 2 
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USEPA Comment:  Section 3.3.2:  The national and regional data for arsenic will not be 
nearly as relevant as the local background conditions.  National data was provided partly 
to explain why the background well is acceptable even if it exceeds the cleanup goals.  
EPA agrees that the cleanup goals may be lower than local background for some metals; 
this is why the ROD specified that cleanup below background would not be required. 
 
Response:  A review of regional data provides a frame of reference and an approximate naturally 
occurring range of concentrations for a given constituent.  A review of regional data may not be 
as relevant as local background conditions, but it does promote a better understanding of what 
types of concentrations could be attributed to natural conditions.  An evaluation of regional data 
can also contribute to a weight of evidence conclusion that supplements site-specific data 
evaluations.   
 
USEPA Comment:  Section 3.3.2, last two paragraphs:  The soil metal analysis will not be 
as helpful as local background well data and the correlation (or lack of correlation) between 
the inorganic and organic chemicals.  Cyanide may be especially useful as an indicator of 
site-related contamination. 
 
Response:  We agree that soil metal analysis will not be as helpful as local background well data 
and the correlation, or lack of correlation, between constituents.  Soil data was included per a 
previous USEPA comment letter.  Inclusion of soil data may not be as meaningful as groundwater 
sample data, however, it does contribute to overall site understanding.  Cyanide and organic 
constituents, such as benzene, naphthalene, and phenols, are indicators of site-related impacts.    
 
If you have any questions please do not hesitate to call me at
 
Sincerely, 
 
Advanced GeoServices Corp. dba Montrose Environmental Services 
 

Project Manager 

cc:  Distribution List (attached) 
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1.0 INTRODUCTION 
 
On behalf of the Crater Resources Cooperating Respondents Group (Group), Key Environmental, 
Inc. (KEY) has prepared this 2021 Annual Monitored Natural Attenuation (MNA) Groundwater 
Monitoring Report for the Crater Resources Superfund Site (Site) located in Upper Merion 
Township, Pennsylvania (Figure 1).  This 2021 Annual MNA Report discusses the results of the 
2021 semi-annual groundwater sampling events.  These events were conducted in accordance with 
the Monitored Natural Attenuation Work Plan (MNAWP) (KEY, June 2010).  The MNAWP was 
approved by the United States Environmental Protection Agency (USEPA) Region III on 
August 17, 2010. 
 
As groundwater monitoring commenced in November 2010, the sampling events covered by this 
report comprise the eleventh year of groundwater monitoring following the remediation of Quarry 
3 and USEPA approval of the MNAWP.  Monitoring was conducted at a quarterly frequency from 
November 2010 through November 2012, after which the Group requested USEPA approval to 
modify the monitoring frequency to semi-annually.  This request was approved by a letter dated 
April 30, 2013, from Joseph McDowell of USEPA to  P.E. of Advanced 
GeoServices Corporation (AGC), authorizing the modification of the sampling frequency from 
quarterly to semi-annual sampling.  
 
USEPA issued comments regarding the 2020 Annual Monitored Natural Attenuation Report on 
March 9, 2022.  The USEPA comments on the 2020 report, as well as comments on previous 
reports, have been taken into consideration in the preparation of this report.  Text, tables, figures, 
and additional data analyses reflect requests made in USEPA comments.  USEPA’s MNA 
Guidance directs that assessment of natural attenuation begin only after source control has been 
implemented.  Source control remedial actions for certain operable units were completed only 
recently; Quarry 1 in 2020 and Quarry 2 in 2019.  While the success of MNA at Quarry 3 can be 
seen in downward trends of constituent concentrations in groundwater downgradient of that 
operable unit, it is too early to assess the success of MNA at Quarry 1 and Quarry 2.   
 
By letter dated January 19, 2017, USEPA informed the Group that the established schedule for 
MNA would not begin until after all source control (remediation) actions had been completed.  
The completion of the cap on Quarry 1 represented the last source control remedial action for the 
Site. The impermeable cap was installed prior to the September 2020 groundwater sampling event 
and the remaining topsoil and grading took place in September 2020. Therefore, the September 
2020 sampling event represented the first sampling event after completion of functional source 
control.  This report, therefore, reflects the first 18 months of MNA following implementation of 
Site-wide source control.  EPA has indicated its willingness to consider modification of the 
Groundwater Cleanup Standards selected in the ROD following the completion of two full years 
of MNA after the implementation of Site-wide source control. 
 
1.1 SITE LOCATION 
 
The Site is located approximately one mile north of Gulph Mills, Pennsylvania, one mile south of 
King of Prussia, and 10 miles northwest of Philadelphia, in Upper Merion Township, Montgomery 

"non responsive based on revised scope"
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County, Pennsylvania.  The Site covers approximately 95 acres on several individual parcels that 
have been partially developed for commercial use.  Additional commercial development is 
continuing at the Site.  Four former quarries (Quarries 1, 2, 3, and 4) are located at the Site and 
encompass approximately 14 acres.  The Site is bounded by, and includes, parts of the Renaissance 
at Gulph Mills office complex to the north and east; by the Gulph Mills Golf Club to the south; 
and by Crooked Lane to the west. 
  
1.2 SITE HISTORY 
 
Quarries 1, 2, and 3 are former iron ore and marble quarries that were used for the disposal of 
waste from the former Alan Wood Steel Company coke and coke byproducts manufacturing 
operations and later for construction and demolition debris.  Discharges to Quarries 1 and 2 ceased 
at some point before 1977 and, by that date, these quarries had been filled to grade with 
construction and demolition debris.  Discharges to Quarry 3 ceased in 1980, and the quarry then 
was left as an open quarry.  Aerial photographs indicate that Quarry 4, a former sand and gravel 
quarry, was being actively filled with earthen material between 1965 and 1975, and by 1980 it was 
filled to grade.   
 
1.2.1 Regulatory History 
 
Over the past 40 years the Site has been thoroughly assessed and investigated by federal, state, and 
local environmental regulatory agencies, the Crater Resources Participating Parties Group, and the 
Crater Resources Cooperating Respondent Group (the Group).  A Remedial Investigation (RI) was 
performed by the Crater Resources Participating Parties Group and that investigation is 
summarized in a document titled “Remedial Investigation Report, Crater Resources Superfund 
Site”, dated June 4, 1999.  Following approval of the RI Report, the Crater Resources Participating 
Parties Group prepared a Feasibility Study (FS) for the Site entitled “Feasibility Study for the 
Crater Resources Superfund Site, Upper Merion Township, Pennsylvania,” dated February 29, 
2000.  The USEPA modified and then approved the FS by letter dated June 16, 2000.  The USEPA 
issued a Record of Decision (ROD) for the Site on September 27, 2000, which set forth the 
remedial requirements for the Site.  Subsequent to issuance of the ROD, AGC completed 
additional groundwater pre-design investigations on behalf of the Group.  AGC, on behalf of the 
Group, completed the remediation of Quarry 3, which included removal of impacted soil and pond 
sediments.  The Quarry 3 remedial activities were conducted between March 2009 and March 
2010.  Subsequently, the MNAWP was prepared and submitted to USEPA. 

Based on the ROD issued for this Site by the USEPA, the selected remedial actions for the Site 
included the following: 
 

• Removal of all impacted soils and sediment in Quarry 3; 
• Construction of a cap to prevent infiltration of surface water into the impacted soils in 

Quarries 1, 2, and 4 and other contaminated areas; 
• MNA of the groundwater following source mitigation; 
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• Further investigation of the former waste ammonia liquor (WAL) pipeline; and, 
• Institutional controls. 

 
1.2.2 Current Status of Remedial Actions 
 
The USEPA completed a Fourth Five-Year Review Report (USEPA, July 2021) for the Site, which 
listed the status of the remedial action objectives at the following operable units (OUs): 

• Quarry 1 (OU 1) – Remedial action is complete. Permanent multimedia cap 
construction completed in 2021. 

• Quarry 2 (OU 2) – Remedial action is complete. Permanent multimedia cap 
construction completed in 2019. 

• Quarry 3 (OU 3) – Remedial action is complete.  Removal of contaminated soil was 
completed in 2012. 

• Quarry 4 (OU 4) – Remedial action is complete.  A demonstration project was 
completed in 2012 to show that leaching from the quarry to groundwater is not 
occurring. 

• WAL Pipeline (OU 5) – Remedial action is complete.  Removal of contaminated soil 
was completed in 2012. 

• Groundwater MNA (OU 6) – Groundwater MNA remedy is ongoing. 
• Cinder/Slag Fill Area (OU 7) – Remedial action is complete.  Removal of contaminated 

soil was completed in 2003. 
• Area 6/Lot 44 (OU 8) – Remedial action is complete.  Removal of contaminated soil 

was completed in 2010. 
• Southeast Property Area (OU 9) – Remedial action is complete.  Removal of 

contaminated soil was completed in 2010. 
• Lot 7 (OU 10) – Remedial action is complete.  Removal of contaminated soil was 

completed in 2011. 
 
Additionally, institutional controls, which prohibit the use of groundwater at the Site, are in effect.   

1.3 REPORT ORGANIZATION 
 
The remainder of this annual report will discuss the groundwater MNA activities that occurred at 
the Site during the 2021 semi-annual monitoring events.  This report includes an evaluation of 
constituent concentrations and natural attenuation indicator parameter trends.   
 
The annual MNA report is divided into the following seven sections: 
 

• Section 1.0 – Introduction:  presents a brief description of the Site and discussion of 
Site history, current status of remedial actions, and report organization. 

• Section 2.0 – MNA Data Collection:  presents a discussion of the procedures for 
implementing the MNA events.  
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• Section 3.0 – Results:  presents a discussion of the potentiometric measurements and 
analytical results. 

• Section 4.0 – Data Evaluation:  presents an evaluation of the monitoring results for 
Site constituents of interest and natural attenuation indicator parameters. 

• Section 5.0 – Summary:  provides a summary of the observations from the first 11 
years of groundwater monitoring. 

• Section 6.0 – Recommendations:  presents recommended modifications to the MNA 
sampling and analysis program based upon the first 11 years of monitoring.  

• Section 7.0 – References: provides the references that were utilized in the 
development of this report. 
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2.0 MNA DATA COLLECTION 
 
The scope of work and procedures for implementing the MNA sampling events are provided in 
this Section. 
  
The monitoring procedures conducted during the sampling events are consistent with the protocols 
specified in the following documents: 

• Quality Assurance Project Plan (QAPP), Appendix I of the Crater Resources Superfund 
Site Remedial Design Work Plan (AGC, December 2003); 

• Addendum to QAPP (AGC, March 2008);  
• MNAWP (KEY, June 2010); 
• USEPA letter dated April 30, 2013; and, 
• Use of Monitored Natural Attenuation at Superfund, RCRA Corrective Action, and 

Underground Storage Tank Sites (USEPA, April 1999). 
 
Field activities were performed by AGC and KEY’s affiliated operations, maintenance, and 
monitoring company, Field & Technical Services, LLC (FTS). 
 
2.1 WATER LEVEL MEASUREMENTS 
 
Prior to groundwater sample collection, depth to groundwater was measured in all monitoring 
wells shown on Figure 2.  Water levels were measured in accordance with the approved MNAWP 
and were taken, in general, from least to greatest constituent of interest (COI) concentrations based 
on concentrations detected during the previous sampling event.  Depth to water, total well depths, 
and time/date of measurement were recorded by the field technicians.  Measurements were made 
and recorded to the nearest 0.01 foot.   
 
Field data were recorded on Groundwater Gauging Sheets and are provided in Appendix A.  
Additionally, during each event, the well risers, locks, caps, casings, and concrete pads were 
inspected and the conditions of them were recorded on Groundwater Monitoring Well Inspection 
Forms (Appendix A).  Monitoring wells at the Site were observed to be in good condition with no 
significant damage reported.   
 
The water level data were used to construct potentiometric surface elevation contour maps for 
evaluation of groundwater flow directions and hydraulic gradients.  The potentiometric surface 
elevation contour maps for each gauging event are presented as Figures 3A and 3B and are 
discussed in Section 3.1.  
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2.2 GROUNDWATER SAMPLING LOCATIONS 
 
The MNA sampling and analysis program includes the sampling of groundwater at the 12 
monitoring well locations shown on Figure 21.  The monitoring locations consist of monitoring 
wells that are located: 1) hydraulically upgradient of the Site; 2) within the plume at the fringe of 
the source; 3) within the plume downgradient of the source; and, 4) at the extent of and beyond 
the downgradient limit of the plume. 
 
2.3 GROUNDWATER SAMPLING PROCEDURES 
 
Groundwater sampling was conducted using a low-flow purging and sampling technique in 
accordance with the approved MNAWP.  Parameters measured and recorded during monitoring 
well purging and sampling consist of field indicator parameters (i.e., pH, specific conductance, 
temperature, dissolved oxygen, oxidation-reduction potential [ORP], and turbidity).  A YSI 556 
multi-parameter water quality meter installed within a flow-through cell was used to monitor pH, 
specific conductance, temperature, dissolved oxygen, and ORP, and either a LaMotte 2020 meter 
or a Hanna meter was used to monitor turbidity.  All water quality meters used during low flow 
purging and sampling were calibrated before use and at a minimum frequency of once per day.  
Information regarding water quality meter calibration was recorded on Equipment Calibration 
Forms. 
 
Monitoring well purging was conducted using either a non-dedicated stainless steel submersible 
pump or a non-dedicated stainless steel bladder pump with dedicated Teflon®-lined tubing.  
Sampling was initiated after stabilization of field parameters was achieved.  Samples were 
collected directly from the Teflon®-lined tubing after the YSI-556 and its flow-through cell were 
removed.  Generally, monitoring wells were sampled in order of least to greatest constituent 
concentrations based on analytical results for the previous event.  This procedure was followed to 
minimize any potential for cross contamination between wells.  Field parameter measurements, 
corresponding purge volumes, and field notes were recorded on Groundwater Sample Collection 
Forms, which are included in Appendix A. 
 
Quality assurance/quality control (QA/QC) samples were also collected during each event and 
consisted of duplicate samples, equipment blanks, trip blanks (for volatile organic compounds 
only), and matrix spike/matrix spike duplicates (MS/MSD).  Sample handling, preservation, 
packaging, and shipment were conducted in accordance with protocols set forth in the approved 
MNAWP. 
 
2.4 ANALYTICAL PARAMETERS 
 
The list of groundwater quality parameters that were analyzed and associated analytical methods 
used during the sampling events are provided in Table 1.  The parameters consist of the following 

                                                 
1 The 12 monitoring locations are a reduction from the original 16 monitoring locations.  By letter dated April 30, 
2013, the USEPA approved the discontinuation of sampling of groundwater from monitoring wells MW-15S, MW-
15D, MW-16S, and MW-16D.   
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COIs: volatile organic compounds (VOCs); semi-volatile organic compounds (SVOCs); target 
analyte list (TAL) metals, and total and available cyanide.  Laboratory reports and data validation 
summary reports for each event are presented on the CD provided as Appendix B. 
 
In addition to the groundwater quality parameters listed above, analyses of natural attenuation 
indicator parameters (dissolved iron, dissolved manganese, methane, nitrate, sulfide, and sulfate) 
were completed to support the evaluation of the occurrence of biodegradation and overall natural 
attenuation trends. 

2.5 MONITORING FREQUENCY 
 
Groundwater monitoring events currently occur on a semi-annual basis.2 
 
2.6 EQUIPMENT DECONTAMINATION 
 
Non-dedicated groundwater sampling and monitoring equipment was decontaminated between 
monitoring well locations in accordance with the approved MNAWP.  Decontamination liquids 
were managed in accordance with the procedures described in Section 2.7. 
 
2.7 MANAGEMENT OF INVESTIGATION-DERIVED WASTE 
 
Purge water and decontamination fluids generated during the monitoring activities were 
containerized for subsequent off-Site disposal in Department of Transportation approved 55-gallon 
steel drums with proper labeling. 
 
Other investigation derived waste (IDW) such as personal protective equipment (PPE), consisting 
mainly of gloves, were managed as general trash.  The dedicated tubing used during groundwater 
sampling was saved, placed in bags, labeled with the corresponding well designation, and retained 
for use in future sampling events.  Dedicated equipment is used to minimize cross contamination 
between sampling locations.  Purging prior to sample collection eliminates any risk of cross 
contamination as a result of the reuse of sample tubing in the same well from round to round. 
 

                                                 
2 The initial monitoring program frequency was quarterly, but was reduced to semi-annually after completion of the 
second year of quarterly monitoring and pursuant to the April 30, 2013 USEPA approval letter. 
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3.0 RESULTS 
 
The results of the 2021 groundwater monitoring events are presented in this Section as follows: 
Section 3.1 presents the potentiometric surface elevation measurements, which identify the 
groundwater flow direction and hydraulic gradients for each event; Section 3.2 discusses the field 
parameter measurement results from the groundwater sampling events; and Section 3.3 discusses 
the analytical results from the groundwater sampling events.   
 
3.1 POTENTIOMETRIC SURFACE MEASUREMENTS 
 
In March and September 2021, potentiometric surface elevations were measured in accordance 
with the approved MNAWP and the resultant data are presented in Tables 2A and 2B, respectively.  
Figures 3A and 3B present potentiometric surface elevation contour maps for the data collected 
during the gauging efforts. 
 
The observed flow direction and hydraulic gradients during the first and second 2021 MNA events 
were generally consistent with historical measurements; groundwater flow direction was observed 
as toward the northeast, and horizontal hydraulic gradients downgradient of Quarries 2 and 3 were 
observed to be 0.013 ft/ft and 0.011 ft/ft, respectively. 
 
3.2 FIELD PARAMETER MEASUREMENTS 
 
Field parameters were measured during each sampling event in accordance with the approved 
MNAWP.  Field parameters were measured during well purging to establish stable groundwater 
conditions before sample collection.  These measurements were recorded on a Groundwater 
Sample Collection Form for each monitoring well during each sampling event.  The field 
parameter measurements for each well during the sampling events are presented in Table 3.  
Table 3 also contains historical field and MNA parameter data.  The minimum and maximum 
values for each of the 2021 events are summarized below: 
 

• pH results 
- March 2021:  5.40 standard units (s.u.) (BG-1D) to 10.08 s.u. (MW-21S).   
- September 2021:  5.03 s.u. (BG-1D) to 8.47 s.u. (MW-11D).   

 
• Specific conductivity results 

- March 2021:  0.511 milliSiemens per centimeter (mS/cm) (MW-8) to 8.724 mS/cm 
(MW-13S). 

- September 2021:  0.292 mS/cm (MW-21S) to 9.067 mS/cm (MW-13S). 

• Temperature results 
- March 2021:  10.10ºC (MW-21S) to 19.21ºC (MW-20S).   
- September 2021:  15.1ºC (BG-1S and MW-11S) to 24.5ºC (MW-20S).   
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• ORP results 
- March 2021: -142.4 milliVolts (mV) (MW-13S) to 195.4 mV (MW-17D). 
- September 2021:  -277.0 mV (MW-13S) to 188.8 mV (BG-1S). 

 
• Dissolved oxygen results: 

- March 2021:  0.62 milligrams per liter (mg/L) (MW-20S) to 6.92 mg/L (MW-21S). 
- September 2021:  0.23 mg/L (MW-6) to 5.90 mg/L (BG-1S). 

 
• Turbidity results: 

- March 2021:  3.30 Nephelometric Turbidity Units (NTU) (MW-6) to 668 NTU 
(MW-20S). 

- September 2021:  2.33 NTU (MW-19S) to 1179 NTU (MW-17D). 
 
The field parameter data do not indicate conditions that would inhibit natural attenuation of organic 
constituents.  Natural attenuation of organic constituents occurs throughout a wide range of field 
conditions.  However, the natural attenuation mechanisms, pathways, and rates may vary due to 
specific conditions.  The pH varies among wells but is in a generally acceptable range for 
biodegradation which is reported to be 5-9 pH standard units (NJDEP, 2012).  Measurements of 
pH greater than 9 standard units are occasionally detected, however, these higher measurements 
are not sustained and are not considered representative of typical pH measured at the Site 
throughout the historical monitoring period.  Specific conductance and turbidity are measures 
related to inorganic constituents and do not typically adversely affect the occurrence of 
biodegradation.  Shallow background values of dissolved oxygen and ORP are generally indicative 
of oxic conditions that are favorable for aerobic degradation.  The depleted dissolved oxygen and 
reduced ORP values observed at locations in proximity to the potential source areas are indications 
of natural attenuation via biodegradation.  The deep zone background values of dissolved oxygen 
and ORP are indications of anaerobic conditions, which are likely a result of the well depth and 
hydrogeologic setting.  High turbidity samples are typically correlated with higher concentrations 
of inorganic constituents.  Turbidity is discussed further in Section 3.3.2 of this report.  Natural 
attenuation via biodegradation occurs in aerobic and anaerobic zones.  Section 4.2 of this report 
presents a detailed description of natural attenuation processes in relation to geochemistry.   
 
3.3 ANALYTICAL RESULTS 
 
Twenty seven sampling events (November 2010, February 2011, May 2011, August 2011, 
December 2011, March 2012, May 2012, September 2012, November 2012, February 2013, 
August 2013, March 2014, August 2014, March 2015, August 2015, March 2016, August 2016, 
March 2017, August 2017, March 2018, September 2018, March 2019, September 2019, March 
2020, September 2020, March 2021, and September 2021) have been conducted since the 
completion of Quarry 3 remediation activities and installation of the background wells. Three 
events have occurred following material completion of all source control remedial activities 
(including completion of remedial action at Quarries 1 and 2).  Current and historical groundwater 
analytical data for COIs that have Groundwater Cleanup Standards (GWCS) specified in the ROD 
are summarized in Tables 4A and 4B relative to the center of plume (COP) and extent of plume 
(EOP) standards, respectively.  Figures 4A and 4B also present a summary of the COI 
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concentration data and exceedances of the GWCS at each monitoring location for the COP and 
EOP respectively.  COP wells consist of the wells adjacent to the former Quarries 1, 2, and 3 (MW-
6, MW-11S, MW-11D, and MW-13S).  The EOP wells consist of MW-8, MW-17S, MW-17D, 
MW-19S, MW-20S, and MW-21S3. 
 
3.3.1 Organic Constituents 
 
The analysis of groundwater samples shows organic constituent GWCS exceedances are primarily 
limited to the immediate vicinity of Quarries 1, 2, and 3.  Constituents appear to be attenuating 
along the flow paths from the quarries as evidenced by the observed reductions in concentrations 
(See Plume Maps presented as Figures 5A through 8A and 5B through 8B). 
 
Center of Plume Wells 
 
MW-6 
 
Monitoring well MW-6 is located at the perimeter of Quarry 1.  COP GWCS exceedances for 2,4-
dimethylphenol and benzene were observed at MW-6 during the March 2021 sampling event.  A 
COP GWCS exceedance for benzene was observed at MW-6 during the September 2021 sampling 
event.  All other organic constituent concentrations analyzed were below the COP GWCS or not 
detected during the 2021 sampling events.  Naphthalene concentrations in MW-6 groundwater 
samples have not been detected above the COP GWCS since April 2015. 
 
MW-11S 
 
Monitoring well MW-11S is located at the perimeter of Quarry 3.  COP GWCS exceedances for 
2,4-dimethylphenol and benzene were reported for the March 2021 MW-11S sample analysis.  A 
COP GWCS exceedance for 2,4-dimethylphenol was reported for the September 2021 MW-11S 
sample analysis.  All other organic constituent concentrations were either below the COP GWCS 
or not detected.  Naphthalene concentrations in MW-11S groundwater samples have not been 
detected above the COP GWCS since August 2013.   
 
MW-11D 
 
Monitoring well MW-11D is located at the perimeter of Quarry 3.  COP GWCS exceedances for 
2,4-dimethylphenol, benzene, and naphthalene were reported for samples collected from 
monitoring well MW-11D during the 2021 sampling events.  All other organic constituent 
concentrations were below the COP GWCS or not detected.  2-Methylphenol and 4-methylphenol 
concentrations in MW-11D groundwater samples have not been detected above the COP GWCS 
since March 2014. 

                                                 
3 The original extent of plume (EOP) wells definition presented in the Feasibility Study Report included the center of 

plume wells also.  By letter dated November 30, 2015, USEPA requested that analytical results should only be 
compared to the appropriate GWCS (either center of plume or extent of plume standards).  The letter identified MW-
6, MW-7, MW-11S, MW-11D, MW-13S, and MW-13D as center of plume wells. 
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MW-13S 
 
Monitoring well MW-13S is located at the perimeter of Quarry 2.  COP GWCS exceedances for 
2,4-dimethylphenol, 2-methylphenol, 4-methylphenol, benzene, naphthalene, and phenol, were 
reported for samples collected from monitoring well MW-13S during the 2021 sampling events.  
Acetone was detected above the COP GWCS during the March 2021 sampling event, but below 
the COP GWCS during the September 2021 sampling event.  Quarry 2 was capped in late 2019 
and continued monitoring will determine MNA effectiveness.   
 
Extent of Plume Wells 
 
MW-8 
 
An EOP GWCS exceedance for naphthalene was reported for the sample collected from 
monitoring well MW-8 during the September 2021 sampling event.  The EOP standard for 
naphthalene is 1 µg/l.  A duplicate sample was collected at MW-8 during the September 2021 
sample event which measured 1.1 µg/l, slightly exceeding the EOP standard of 1 µg/l.  All other 
organic constituent concentrations were either below the EOP GWCS or below detection limits. 
 
MW-17S 
 
All organic constituents analyzed in groundwater samples collected from monitoring well 
MW-17S for the 2021 sampling events were below the EOP GWCS or below detection limits. 
 
MW-17D 
 
Slight EOP GWCS exceedances for benzene and chloroform were reported during both 2021 
sampling events for MW-17D.  The chloroform exceedance was likely attributed to regional 
ambient conditions.  All other organic constituent concentrations were below the EOP GWCS or 
not detected during the 2021 sampling events. 
 
MW-19S  
 
All organic constituents analyzed in groundwater samples collected from monitoring well 
MW-19S for the 2021 sampling events were below the EOP GWCS or below detection limits.    
 
MW-20S 
 
An EOP GWCS exceedance for benzene was reported for the sample collected from monitoring 
well MW-20S during the March 2021 sampling event.  All other organic constituent concentrations 
were below the EOP GWCS or not detected during the 2021 sampling events.   
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MW-21S 
 
All organic constituents analyzed in groundwater samples collected from monitoring well 
MW-21S for the 2021 sampling events were below the EOP GWCS or below detection limits.  
 
BG-1S and BG-1D 
 
All organic constituents analyzed in groundwater samples collected from monitoring well BG-1S 
during the March and September 2021 events were below detection limits. Chloroform was the 
only constituent detected in BG-1D samples and it slightly exceeded the EOP GWCS of 0.015 µg/l 
during both 2021 sampling events.   Chloroform is a common regional and laboratory artifact that 
may not reflect Site related conditions.  Periodic detections of chloroform in BG-1S and BG-1D 
indicate that chloroform is a regional artifact.     
 
During the 2017 sampling events, acetone (August 2017) and benzene (March and August 2017) 
were detected below the reporting limit, at trace, estimated levels in BG-1D samples.  These 
anomalous detections were likely a result of field or laboratory contamination.  BG-1S and BG-1D 
were strategically positioned in an unimpacted zone by consideration of potential source zone 
locations and groundwater flow paths.  Monitoring of groundwater flow and MNA parameters 
suggest that no Site-related impacts exist at BG-1S or BG-1D.  Evaluation of BG-1S and BG-1D 
data indicate that these wells are representative background wells.   
 
Plume Maps 
 
Plume maps have been generated as requested in the USEPA comment letter dated January 19, 
2017.  Plume maps show the inferred limits for benzene (Figure 5A and 5B), naphthalene (Figures 
6A and 6B), total phenolic compounds (Figures 7A and 7B), and total cyanide (Figures 8A and 
8B) during the March and September 2021 sampling events relative to their respective COP and 
EOP GWCS.  Multiple potential sources are present at the Site and impacts are generally limited 
to the immediate vicinity of these potential sources.  Attenuation of constituents occurs over a 
short distance from the source zones. 
 
Figure 9 shows two cross sections that provide a spatial distribution of naphthalene, benzene, 
arsenic, and selenium concentrations for both 2021 sampling events.  Section A-A’ runs generally 
east to west and section B-B’ runs generally north to south.  The cross sections display the 
complexity and heterogeneity of the subsurface materials and variation in constituent 
concentrations with depth and distance from the source areas.   
 
3.3.2 Inorganic Constituents 
 
Metal constituents can occur in groundwater due to natural or anthropogenic sources.  Metals most 
commonly associated with ammonia liquors are typically iron, cadmium, cobalt, chromium, and 
nickel. The consistent GWCS exceedances detected for many of the inorganic analytes in 
background well samples collected from BG-1S and BG-1D suggest that these constituents are 
attributed to naturally occurring geologic conditions.   
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A review of Quarry 3 soil data was requested by letter dated January 19, 2017, from Joseph 
McDowell of USEPA to Thomas M. Legel, P.E. of AGC.  Metal constituents were detected at 
lower concentrations in background soil samples compared to Quarry 3 soil samples during the 
remedial investigation; however, background metal constituent detections provide evidence that 
metals are naturally occurring in shallow soils.  In addition, geologic and geochemical 
heterogeneity cannot be dismissed as a potential explanation for spatial inorganic constituent 
variability.  Organic constituents such as PAHs and VOCs are clearly anthropogenic; however, the 
same cannot be said for metal constituents at this time. 
 
During the 2021 sampling events, BG-1S and BG-1D continued to show multiple GWCS 
exceedances for metals.  In addition, it should be recognized that COP and EOP GWCS established 
for the Site are orders of magnitude less than USEPA maximum contaminant levels in some cases.  
For example, arsenic has a maximum contaminant level of 10 µg/L, a COP GWCS level of 1 µg/L, 
and an EOP GWCS level of 0.04 µg/L.   
 
For reference, the United States Geological Society (USGS) in 2017 published a study of arsenic 
in groundwater which concluded that most arsenic in groundwater in the lower 48 states was 
presumed to derive from naturally occurring sources such as rocks and minerals (Ayotte et al., 
2017).  The 2017 USGS arsenic study involved statistical analysis of 20,450 domestic water well 
sample results, reporting an average concentration of 2 µg/L arsenic and a 90th percentile of 11 
µg/L arsenic.  An earlier USGS study (Gross and Low, 2013) focused on regional arsenic content 
reported the following with regard to statistics on arsenic concentrations from 59 Pennsylvania 
groundwater samples collected within the Conestoga Limestone Formation:  1) a maximum of 67 
µg/L arsenic; 2) a median of <4 µg/L arsenic; 3) six samples exceeding 4 µg/L arsenic; and 4) 
three samples exceeding 10 µg/L arsenic.   
 
Table 5 presents a summary of the 95% upper confidence limit (UCL) of the mean for inorganic 
COIs in background wells with comparison to GWCS.  The 95% UCL of the mean is a statistic 
that represents the upper limit of a sample mean.  ProUCL software was used to identify the 
appropriate UCL based on sample distribution characteristics.  The total analysis result was used 
rather than the dissolved analysis result for generating UCL values.  The inorganic constituent 
UCLs that exceed GWCS (COP or EOP) at BG-1S and/or BG-1D include the following: arsenic, 
barium, chromium, iron, manganese, mercury, selenium, thallium, and vanadium.  These data 
indicate that the background concentrations of these metal constituents are greater than their 
respective GWCS.  At the time when a demonstration of the attainment of GWCS is to be made, 
a comparison of Site concentrations to Site-specific background concentrations will be made to 
determine if an inorganic analyte in groundwater at the Site is due to naturally occurring conditions 
or Site-related impacts.  Many of the monitoring well samples contained GWCS exceedances for 
multiple metal constituents.  Table 4A, Table 4B, Figure 4A, and Figure 4B show all analytical 
data with GWCS exceedances highlighted.   
 
The following is a metal GWCS exceedances summary for the 2021 sampling events.  These 
results represent the total metal concentration reported by the laboratory. 
 



2021 Annual Monitored Natural Attenuation Report 
Crater Resources Superfund Site 
Upper Merion Township, Pennsylvania April 2022 

 

 

 3-7    

• Arsenic  
- March: exceedances were observed in all four COP well samples (MW-

6, MW-11S, MW-11D, and MW-13S) and five EOP well samples 
(MW-8, MW-17D, MW-20S, MW-20, and MW-21S); 

- September: exceedances were observed in all four COP well samples 
(MW-6, MW-11S, MW-11D, and MW-13S) and four EOP well samples 
(MW-17D, MW-20S, MW-20, MW-21S); 

 
• Barium  

- March and September: exceedances were observed in two COP well 
samples (MW-6, and MW-13S);  

• Beryllium  
- March and September: exceedances were observed in only one EOP 

well sample (MW-17D); 
 

• Cadmium  
- March and September: exceedances were observed in one EOP well 

samples (MW-17D); 
 

• Iron  
- March: exceedances were observed in four COP well samples (MW-6 

MW-11S, MW-11D, and MW-13S) and four EOP well samples (MW-
17S, MW-17D, MW-20S, and MW-21S); 

- September: exceedances were observed in three COP well samples 
(MW-6 MW-11S, and MW-11D) and four EOP well samples (MW-
17S, MW-17D, MW-20S, and MW-21S); 

 
• Lead  

- March: exceedances were observed for two EOP well samples (MW-
17S and MW-17D); 

- September: exceedances were observed for one EOP well sample (MW-
17D); 

 
• Manganese  

- March: exceedances were observed for all four COP well samples 
(MW-6, MW-11S, MW-11D, and MW-13S) and four EOP well samples 
(MW-17S, MW-17D, MW-19S, and MW-20S); 

- September: exceedances were observed for all four COP well samples 
(MW-6, MW-11S, MW-11D, and MW-13S) and three EOP well 
samples (MW-17D, MW-19S, and MW-20S); 

 
• Mercury  

- March 2021: exceedances for all six EOP well samples (MW-8, MW-
17S, MW-17D, MW-19S, MW-20S, and MW-21S); 
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- September 2021: exceedances were observed for five EOP well samples 
(MW-17S, MW-17D, MW-19S,  MW-20S, and MW-21S); 

 
• Selenium  

- March and September: exceedances were observed in all four COP well 
samples (MW-6, MW-11S, MW-11D, and MW-13S) and all six EOP 
well samples (MW-8, MW-17S, MW-17D, MW-19S, MW-20S, and 
MW-21S); 

 
• Thallium  

- March: exceedances were observed in three EOP well samples (MW-
17S, MW-17D, and MW-8); 

- September: exceedances were observed in three EOP well samples 
(MW-17S, MW-17D, and MW-19S); 

 
• Vanadium  

- March exceedances were observed for four EOP well samples (MW-
17S, MW-17D, MW-20S, and MW-21S). 

- September exceedances were observed for three EOP well samples 
(MW-17S, MW-17D, and MW-21S). 

 
A portion of the exceedances listed above were qualified by the laboratory analysis as being 
estimated values and/or detected in the blank sample analysis. 

Iron, manganese, arsenic, selenium, and thallium were among the metals that showed the most 
frequent GWCS exceedances.  The March 2021 and September 2021 results have been plotted for 
these select metals (included in Appendix C) and the plots yield information regarding current 
spatial distribution.  Non-detected values were plotted at half of their respective detection limits.  
Arsenic and selenium concentrations appear to be lower in downgradient EOP wells (MW20S, 
MW-21S, and MW-19S).  
 
Evaluation of the metals data is complicated due to the presence of naturally occurring 
constituents.  Multiple evaluations of inorganic data have been conducted in this report.  In many 
instances, although inorganic constituents were measured at levels greater than the GWCS, the 
concentrations are consistent with background levels.  Section 4.1 presents the results of the 
Wilcoxon-Mann-Whitney (WMW) statistical analysis.  The WMW statistical analysis is a two-
sample hypothesis test that is used to compare background concentrations to individual Site well 
concentrations.  This statistical test indicates that many of the inorganic concentration exceedances 
were not statistically elevated above background concentrations.  Section 4.3 presents the Mann-
Kendall (M-K) trend analyses that were performed for inorganic constituent concentrations at 
individual wells, which have exceeded their respective GWCS and were statistically elevated 
above background levels (determined using the WMW analyses).   
 
Individual total inorganic constituent (i.e., dissolved and undissolved) concentration graphs for 
each of the sampling events completed since 2010 relative to the GWCS and the average 
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background concentrations are provided in Appendix D.  Non-detected values are displayed as 
half of the detection limit.  Individual inorganic constituent concentration trend graphs for most 
Site wells show frequent detections at concentrations below the average background well 
concentrations.  Time series graphs for arsenic, selenium, iron, and manganese in each well are 
shown in Appendix E.  The time series graphs show correlations and covariance among 
constituents.  Iron and arsenic show positive correlation in many wells.  Wells that exhibit the most 
pronounced correlation of iron and arsenic include MW-11S, MW-11D, MW-13S, MW-17S, and 
MW-6.  Iron also shows positive correlation with selenium for some wells.  Wells that exhibit the 
most pronounced correlation of iron and selenium include MW-11S, MW-13S, MW-17S, 
MW-17D, and MW-20S.  Manganese correlations are less evident compared to iron correlations.  
Some wells (MW-11S, MW-13S, and MW-19S) show a weak inverse correlation between 
manganese and arsenic; however, a weak positive correlation was observed in MW-17S.  Further 
discussion of the data presented in Appendix E is provided in Section 4.2, MNA Process 
Evaluation. 

A Pearson correlation analysis was completed to provide general Site-wide insights regarding 
constituent associations and is presented in Table 6.  A correlation coefficient was calculated for 
each pair of constituents.  The correlation coefficient indicates strength of correlation between two 
variables on a spectrum ranging from negative one to positive one.  A correlation coefficient of 
positive one indicates model positive correlation; a correlation coefficient of negative one indicates 
model negative correlation, and a correlation coefficient of zero indicates no correlation.  The 
Pearson correlation analysis was completed by using all groundwater monitoring data collected 
from 2010 through 2021 from the current monitoring well network.  The results of the Pearson 
correlation analysis generally indicate that inorganic constituents do not correlate with organic 
constituents with the exception of manganese and barium.  A positive correlation coefficient for 
manganese can be explained by the fact that manganese is a byproduct of organic constituent 
biodegradation and it is considered a biodegradation indicator.   

A positive correlation coefficient for barium was evaluated in more detail and found to be the 
result of data from a single well: MW-13S. MW-13S was installed in a weathered schist saprolite 
formation, rather than a limestone formation, and the background comparison testing discussed in 
Section 4.1 indicated that barium concentration was equivalent to background at all wells except 
MW-13S.  Although the barium concentrations detected in MW-13S samples were higher than 
other site samples, the MW-13S barium concentrations have not exceeded the national primary 
drinking water MCL of 2 mg/L since 2013.  Furthermore, removing MW-13S data from the 
correlation analysis changes the result from a positive correlation to a zero correlation for the 
remaining wells.  The weight of evidence, therefore, suggests that barium concentration is not 
related to organic impacts, but is instead related to a localized, metamorphic, naturally occurring, 
geologic feature in the vicinity of MW-13S.   

The results otherwise show that inorganic constituents typically correlate with each other.  The 
Pearson correlation analysis was completed for screening purposes and further analysis may be 
necessary to correct for linearity, outlier removal, or data distributions.  The results of the 
correlation analysis suggest that metals are related to naturally occurring conditions at the Site.        
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For wells in which the sample turbidity is greater than 10 NTU at the conclusion of the purging 
process, filtered samples were also submitted for inorganic analyses in order to determine if the 
inorganic constituent concentrations are elevated as a result of the suspended solids in the sample.  
Filtered samples were analyzed for six wells (BG-1S, MW-11S, MW-17S, MW-17D, MW-20S, 
and MW-21S) during the March 2021 sampling event and five wells (MW-11S, MW-17D, MW-
17S, MW-20S, and MW-21S) during the September 2021 sampling event.  High turbidity samples 
did yield high metals concentrations.  Comparison of the filtered and unfiltered metals analysis 
indicates that a substantial component of the metals exists as suspended solids.  Turbidity is 
associated with natural conditions and thus high metals concentrations associated with high 
turbidity are considered to be a background condition.      

Total cyanide has remained relatively stable and above the GWCS for COP wells MW-6, 
MW-11S, MW-11D, and MW-13S.  Sporadic detections of total cyanide are observed in 
MW-17D.  MW-17D had a GWCS exceedance of total cyanide in both the March and September 
sampling events and MW-21S saw a GWCS exceedance of total cyanide in the March 2021 
sampling event.  
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4.0 DATA EVALUATION 
 
In accordance with the MNAWP, this section presents an evaluation of Site-specific evidence of 
natural attenuation based on data trends and concentrations using historical and newly acquired 
data.  The primary line of evidence for determining the occurrence and effectiveness of natural 
attenuation is downward trends in constituent concentrations.  A secondary line of evidence is 
spatial trends in natural attenuation indicator parameters.  For this data evaluation, both primary 
and secondary lines of evidence have been evaluated.   
 
Many of the inorganic COIs for the Site are naturally-occurring. Consequently, a statistical 
comparison of inorganic constituent concentrations to Site-specific background has been 
completed, and the results are summarized in Section 4.1.  Section 4.2 provides an evaluation of 
spatial trends in natural attenuation indicator parameters and COIs.  Section 4.3 provides a 
summary of COI temporal trend analyses results based on time series graphs and statistical testing 
using the M-K procedure.  Section 4.4 presents a regression analysis to evaluate COP organic COI 
degradation. 
 
4.1 BACKGROUND COMPARISON PROCEDURE AND RESULTS 
 
Wilcoxon-Mann-Whitney (WMW) statistical testing was completed to compare concentrations of 
metals in samples from Site monitoring wells to background concentrations based on sampling of 
two background wells (BG-1S and BG-1D).  The WMW analysis was used to test a null hypothesis 
that the mean of a given constituent (metal) concentration for a specific Site monitoring well is 
less than, or equal to, the background mean.  The WMW statistical analysis was included in the 
Monitored Natural Attenuation Work Plan dated May 2010 and is completed on an annual-basis 
for background comparison purposes. 
 
Historical and recent data collected suggest that BG-1S and BG-1D are representative background 
wells despite a few anomalous organic constituent detections.  All background comparisons and 
conclusions in this report are qualified as preliminary at this time.  Continued monitoring of BG-1S 
and BG-1D will be used to confirm the validity of the use of these wells as background wells. 
 
Low levels of chloroform have frequently been detected in both BG-1S and BG-1D.  However, 
the United States Geological Survey has previously reported chloroform as being among the most 
frequently detected VOCs in groundwater and drinking water supply wells in the United States 
(USGS Circular 1292, 2006).  Chloroform is also a common laboratory contaminant, which has 
historically been detected in QA/QC blanks.  The presence of chloroform in samples from these 
wells is not believed to be Site-related. 
 
BG-1S and BG-1D are located hydraulically upgradient of Quarries 2, 3, and 4.  BG-1S and BG-1D 
are located approximately 400 feet from the upgradient side of Quarry 1 in the side gradient 
direction (perpendicular to groundwater flow).  Consideration of the source area locations and 
groundwater flow patterns strongly demonstrate that wells BG-1S and BG-1D are located in an 
area where impacts associated with on-Site releases are not possible.  
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4.1.1 Background Comparison Procedure 
 
WMW statistical testing was completed to compare concentrations of metals in samples from Site 
monitoring wells to background concentrations based on the analysis of groundwater samples 
collected from the two background monitoring wells installed at the Site (BG-1S and BG-1D).  
The data from each Site monitoring well was compared to data from either BG-1S or BG-1D.  The 
most appropriate background well for comparisons was primarily determined based on well screen 
elevations.  In general, data for shallow monitoring wells were compared with the shallow 
background well data (BG-1S) and data for deep monitoring wells were compared with the deep 
background well data (BG-1D).  Both background wells appear to be screened in a saprolite zone.  
Due to the presence of faults and lateral subsurface heterogeneity, not all Site monitoring wells 
screened at similar elevations are set in saprolite.  Site monitoring wells are screened in either 
saprolite or limestone.  However, monitoring wells screened in limestone are comparable to 
background wells screened in saprolite considering that there is a hydrologic connection between 
the wells.  Site monitoring wells located along flow paths on the downgradient side of source 
zones, screened in both saprolite and limestone, have yielded samples with detections of COIs, 
which implies longitudinal groundwater communication between saprolite and limestone zones.  
Therefore, comparisons between background wells screened in saprolite and monitoring wells 
screened in limestone are meaningful. 
 
USEPA’s ProUCL software was used to complete the background statistical analyses.  The WMW 
test is a non-parametric analog to the student’s t-test, which does not require that the underlying 
data be drawn from populations with defined statistical distributions.  It is particularly useful for 
data sets that contain a substantial proportion of non-detects, or when the samples to be compared 
do not have equal distributions or variances.  In addition, there is little loss of power or accuracy 
with this test compared to the student’s t-test, which is indicated in the Statistical Analysis of 
Groundwater Monitoring Data at RCRA Facilities - Unified Guidance (USEPA, March 2009).   
 
The WMW analysis was used to test a form 1 null hypothesis that the mean and median of a given 
constituent (metal) concentration for a specific Site monitoring well is less than, or equal to, the 
background mean and median at an alpha (α) = 0.05 level of significance.  A U-statistic is 
generated during the WMW analysis.  ProUCL uses two procedures for calculating the U-statistic 
depending on the sample size.  The U-statistic for small sample data sets, n < 20, is calculated 
slightly differently from large sample data sets, n ≥ 20.  The large sample U-statistic is also referred 
to as the Z0 statistic. 
 
The calculated U-statistic is compared to a critical value, which is determined based on the size of 
the sample data set and level of significance.  If the calculated U-statistic is less than the critical 
value, then the null hypothesis is not rejected.  If the calculated U-statistic is greater than the critical 
value, then the null hypothesis is rejected.  The results of WMW analyses are also reported 
numerically as P-values.  P-values are the approximate probability of obtaining a test statistic at 
least as extreme as the one that was actually observed, assuming that the null hypothesis is true.  
For a specified α = 0.05 level of significance, a P-value less than 0.05 results in rejecting the null 
hypothesis.   
 



2021 Annual Monitored Natural Attenuation Report 
Crater Resources Superfund Site 
Upper Merion Township, Pennsylvania April 2022 

 

 

 4-3    

The WMW testing was performed for each of the inorganic COIs and considered only the results 
for total metals analysis (rather than dissolved), given that the total metals data set is more 
extensive than the dissolved data set for both the background and Site groundwater.  The use of 
total metals data are in accordance with the USEPA comment letter regarding the Monitored 
Natural Attenuation Work Plan dated May 2010.  Sample results with “B” qualifiers, indicating 
that a given constituent was detected in the blank sample analysis, were included in the WMW 
testing as a conservative measure.  Sampling data collected since 2010 were used for the WMW 
analysis.   
 
4.1.2 Background Comparison Results 
 
Monitoring wells BG-1S and BG-1D were used as background wells and the most appropriate 
background well for each test was determined based on comparable well screen elevations.  The 
2021 WMW testing results are provided in Table 7.  Table 7 also shows September 2021 GWCS 
exceedances for comparison.  A summary of WMW test results from 2012-2021 is provided in 
Table 8.  Table 8 was prepared in response to the USEPA’s comment letter dated December 3, 
2019.  The individual WMW comparison results are included in Appendix F.  The results for 
inorganic COIs for each Site monitoring well are discussed in the remainder of this section.  As 
discussed below, most inorganic constituents analyzed do not exceed the background 
concentrations.   
 
MW-6 
 
Data from MW-6 were compared with data from BG-1D.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1D mean was not rejected for barium, 
cadmium, chromium, cobalt, lead, mercury, and thallium; therefore, this WMW testing indicates 
that these seven inorganic constituents do not exceed the BG-1D samples concentrations.  The null 
hypothesis was rejected for arsenic, iron, manganese, selenium, and vanadium for this location.  
However, vanadium did not exceed the respective GWCS during the September 2021 sampling 
event. 
 
MW-8 
 
Data from MW-8 were compared with data from BG-1S.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1S mean was not rejected for arsenic, 
barium, cadmium, chromium, cobalt, lead, manganese, mercury, thallium, and vanadium; 
therefore, this WMW testing indicates that these 10 inorganic constituents do not exceed the BG-
1S samples concentrations.  The null hypothesis was rejected for iron and selenium when 
compared to the BG-1S samples concentrations.  However, iron did not exceed the respective 
GWCS during the September 2021 sampling event. 
 
MW-11D 
 
Data from MW-11D were compared to data from BG-1D.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1D mean was not rejected for barium, 
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cadmium, chromium, cobalt, lead, manganese, mercury, thallium, and vanadium; therefore, this 
WMW testing indicates that these nine inorganic constituents do not exceed the BG-1D samples 
concentrations.  The null hypothesis was rejected for arsenic, iron, and selenium for this location.   

MW-11S 
 
Data from MW-11S were compared to data from BG-1S.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1S mean was not rejected for barium, 
cadmium, chromium, cobalt, lead, mercury, thallium, and vanadium; therefore, this WMW testing 
indicates that these eight inorganic constituents do not exceed the BG-1S samples concentrations.  
The null hypothesis was rejected for arsenic, iron, manganese, and selenium for this location.   
 
MW-13S 
 
Data from MW-13S were compared to data from BG-1S.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1S mean was not rejected for cadmium, 
chromium, lead, mercury, thallium, or vanadium; therefore, this WMW testing indicates that these 
six inorganic constituents do not exceed the BG-1S samples concentrations.  The null hypothesis 
was rejected for arsenic, barium, iron, manganese, selenium, cobalt, and iron for this location.  
However, cobalt and iron did not exceed their respective GWCS during the September 2021 
sampling event. 
 
MW-17D 
 
Data from MW-17D were compared to data from BG-1D.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1D mean was not rejected for barium, 
chromium, mercury, and selenium; therefore, this WMW testing indicates that these four inorganic 
constituents do not exceed the BG-1D samples concentrations.  The null hypothesis was rejected 
for arsenic, cadmium, cobalt, iron, lead, manganese, vanadium, and thallium for this location. 
 
MW-17S 
 
Data from MW-17S were compared to data from BG-1S.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1S mean was not rejected for barium, 
cadmium, cobalt, manganese, mercury, and selenium; therefore, this WMW testing indicates that 
these six inorganic constituents do not exceed the BG-1S samples concentrations.  The null 
hypothesis was rejected for arsenic, chromium, iron, lead, thallium, and vanadium.  However, 
chromium and lead did not exceed their respective GWCS during the September 2021 sampling 
event.    
 
MW-19S 
 
Data from MW-19S were compared to data from BG-1D.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1D mean was not rejected for arsenic, 
barium, chromium, cobalt, iron, lead, and vanadium; therefore, this WMW testing indicates that 



2021 Annual Monitored Natural Attenuation Report 
Crater Resources Superfund Site 
Upper Merion Township, Pennsylvania April 2022 

 

 

 4-5    

these seven inorganic constituents do not exceed the BG-1D samples concentrations.  The null 
hypothesis was rejected for cadmium, manganese, mercury, selenium, and thallium for this 
location.  However, cadmium did not exceed the respective GWCS during the September 2021 
sampling event. 
 
MW-20S 
 
Data from MW-20S were compared to data from BG-1D.  MW-20S was compared to BG-1S prior 
to 2017, however, BG-1D was determined to be more appropriate considering that the BG-1D 
screen elevation is more comparable to MW-20S.  The null hypothesis that the mean of a given 
metal concentration is less than, or equal to, the BG-1D mean was not rejected for arsenic, barium, 
cadmium, chromium, cobalt, manganese, mercury, and thallium; therefore, this WMW testing 
indicates that these eight inorganic constituents do not exceed the BG-1D samples concentrations.  
The null hypothesis was rejected for iron, selenium, lead, and vanadium for this location.  
However, the lead and vanadium concentrations did not exceed their respective GWCS during the 
September 2021 sampling event.   
 
MW-21S  
 
Data from MW-21S were compared to data from BG-1S.  The null hypothesis that the mean of a 
given metal concentration is less than, or equal to, the BG-1S mean was not rejected for arsenic, 
barium, cadmium, chromium, cobalt, manganese, mercury, selenium, thallium, or vanadium; 
therefore, this WMW testing indicates that these 10 inorganic constituents do not exceed the BG-
1S samples concentrations.  The null hypothesis was rejected for cadmium, iron, and lead for this 
location.  However, cadmium and lead in the MW-21S sample did not exceed the GWCS during 
the September 2021 sampling event. 

WMW Summary 
 
All background comparisons presented in this report are preliminary, but nevertheless, they 
provide valuable insight regarding natural conditions.  A total of 120 WMW tests were completed 
(10 wells with 12 constituents each).  A total of 35 (out of 120) tests resulted in rejecting the null 
hypothesis paired with an exceedance of the GWCS during the September 2021 sampling event.  
A total of 85 (out of 120) tests yielded results that either were equivalent to background 
concentrations or did not exceed the GWCS during the September 2021 sampling event.  This 
preliminary background comparison demonstrates that most inorganic constituents in groundwater 
are present at concentrations that are statistically equivalent to background concentrations and are 
likely naturally occurring.   
 
However, not all inorganic constituents were determined to be statistically equivalent to 
background well datasets.  Iron, manganese, arsenic, and selenium are among the most frequently 
detected metals exceeding GWCS and background levels.  Iron and manganese are byproducts of 
the natural biodegradation of organic constituents and their presence in the groundwater may be 
attributable to the ongoing natural attenuation of organic COIs.  Furthermore, other metals may be 
associated with iron and manganese.  Section 4.2 of this report discusses the inorganic MNA 
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process evaluation.  At sites with organic constituent impacts, naturally occurring metals found in 
soil and rock are typically mobilized by the changing geochemistry (redox conditions) that results 
from organic constituent degradation.  However, metals will precipitate out along the flow path, 
and over time, as geochemistry re-equilibrates.   
 
4.2 MNA PROCESSES EVALUATION 
 
Natural attenuation encompasses physical, chemical, and biological processes that reduce the mass 
and mobility of constituents in groundwater.  The components of a generalized conceptual model 
for natural attenuation of non-halogenated organic compounds are well established and accepted 
in the scientific community.  Degradable compounds, such as those associated with coke and coke 
byproducts, dissolve gradually into the groundwater creating a dissolved-phase groundwater 
plume.  The source concentration for each individual constituent is limited to its effective 
solubility, which is defined as the aqueous solubility of the pure compound multiplied by the mole 
fraction of the compound in the source material.  Dissolved COIs in groundwater will migrate 
downgradient via advection, and gradual longitudinal/lateral spreading will occur via 
hydrodynamic dispersion and diffusion.  In the absence of attenuating processes and in the 
presence of a continuing source, the edge of the plume would advance at the same rate as the 
groundwater flow.  However, the dissolved-phase constituents at the Site are being attenuated 
downgradient of the source via sorption and biodegradation processes such that the extent of the 
plume is much less than what it would be if the attenuating processes were absent.  It is expected 
that COI concentrations in groundwater in the vicinity of Quarries 1 and 2, where remediation was 
recently completed in 2020 and 2019, respectively, will dissipate more slowly than in the 
groundwater in the vicinity of Quarry 3, where potential source materials were removed in 2010. 

Biodegradation of organic constituents by aerobic and anaerobic processes can be inferred by 
evaluating the electron acceptors as well as metabolic byproducts of the primary terminal electron 
accepting processes (TEAPs).  The current protocol is to evaluate the electron acceptors including 
dissolved oxygen, sulfate, and nitrate, and metabolic byproducts including methane, reduced (i.e., 
ferrous) iron (II), and dissolved manganese.  In addition, groundwater quality parameters such as 
temperature, pH, and ORP are evaluated to determine whether conditions are favorable for aerobic 
or anaerobic biodegradation. 
 
Evaluations of trends in geochemical parameters (the secondary line of evidence demonstrating 
natural attenuation) are described below.  Degradation occurs along the groundwater flow path.  
Comparison of conditions at upgradient locations, at or near the source, downgradient, and cross 
gradient will identify the dominant attenuation mechanisms currently at work.  It is also important 
to note that not all natural attenuation processes may be occurring at a particular site; therefore, 
the absence of any of the indicator parameter trends discussed below should not, on its own, be 
construed as an indication that biodegradation is not occurring. 
 
The analytical results for the MNA indicator parameters are presented in Table 3.  Figures 10A 
and 10B are included to help illustrate the secondary evidence for natural attenuation at the Site 
for the two most recent sampling events, respectively.  These figures display Radar Plots of the 
most significant MNA indicator parameters at the Site for each monitoring location. 
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Metabolic byproducts, dissolved iron, and dissolved manganese are indicators of natural 
degradation in addition to those included in Table 3; these two parameters were analyzed along 
with the other inorganic COIs.  The analytical data for dissolved iron and dissolved manganese are 
included in Tables 4A and 4B and on the MNA “Radar Plots” on Figures 10A and 10B.  A 
discussion of the MNA indicator parameter results for each related constituent is presented in the 
following paragraphs. 
 
Dissolved Oxygen 
 
When biodegradation occurs under oxic conditions, aerobic respiration is the dominant TEAP, and 
dissolved oxygen is consumed.  The occurrence of aerobic biodegradation is likely to be indicated 
by greater dissolved oxygen concentrations in the upgradient locations, with lesser concentrations 
in monitoring locations within the source areas and dissolved-phase plume, and greater oxygen 
concentrations at the downgradient locations beyond the edge of the plume.  The spatial trend of 
dissolved oxygen levels in the shallower bedrock monitoring wells is generally consistent with 
natural attenuation via aerobic respiration.  Dissolved oxygen levels in the deeper bedrock 
monitoring wells are generally low across the Site, which indicates that anaerobic processes play 
a more significant role in deep zone organic COI degradation. 
 
Methane 
 
Methane is produced from methanogenic bacteria, which are active in anaerobic environments.  
Source areas typically contain elevated concentrations of methane relative to non-source areas 
because source areas are depleted in dissolved oxygen as a result of aerobic respiration.  The spatial 
trend of methane concentrations is generally consistent with natural attenuation.  Elevated 
concentrations of methane relative to background are detected in the wells located in close 
proximity to Quarries 1, 2, and 3 and in the deeper wells. 

Nitrate 
 
When dissolved oxygen is absent from groundwater, biodegradation of organics may occur via 
anaerobic processes.  Denitrification is the most thermodynamically favorable anaerobic TEAP 
and results in the reduction of nitrate.  The presence of nitrate in upgradient groundwater and 
depletion of nitrate in impacted groundwater would generally indicate that degradation via 
denitrification is occurring.  Nitrate concentrations are generally low or below detection limits 
except for samples from well MW-19S which may be related to fertilizer use at the upgradient golf 
course.  The data suggest that nitrate does not play a significant role in natural attenuation of the 
Site. 
 
Oxidation-Reduction Potential (ORP) 
 
ORP is a measure of the relative tendency of a solution to accept or transfer electrons.  Generally, 
an area of depressed ORP around the estimated source zone is indicative of more intense electron 
acceptor utilization and biodegradation.  ORP measurements can provide a qualitative indication 
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of the dominant TEAP and support interpretations of electron acceptor and metabolic byproduct 
data.  Moderate to strongly negative ORP measurements near the source zones support the 
interpretations that anaerobic processes are occurring.  Reduced values of ORP were observed in 
the vicinity of Quarries 1, 2, and 3, which is consistent with the occurrence of natural attenuation. 
 
Sulfate and Sulfide 
 
Sulfate acts as an oxidizer under anaerobic conditions.  During this process, sulfate becomes 
reduced to sulfide.  Therefore, the availability of sulfate in upgradient or unimpacted groundwater, 
along with the depletion of sulfate and increase in sulfide in impacted groundwater, is an indicator 
of anaerobic degradation.  MW-13S and MW-20S are the only wells where sulfide has been 
observed relatively frequently.  Sulfate concentrations are generally greatest in wells nearest to 
Quarries 1 and 3 which is opposite of the spatial trend expected for natural attenuation, but this 
may be due to the presence of sulfate in the material managed within these quarries.  Sulfate is 
known to have been present in the material placed in Quarry 3 and should be used cautiously as 
an MNA indicator. 
 
Dissolved Iron (II) 
 
Once dissolved oxygen and nitrate have been effectively depleted, iron and manganese reduction 
are the most thermodynamically favorable terminal electron acceptors.  The biodegradation of 
benzene and polycyclic aromatic hydrocarbons (PAHs) can occur in conjunction with the 
reduction of ferric iron (III) to ferrous iron (II).  Iron (III) occurs as a mineralized species within 
the aquifer matrix.  Iron (II) is a soluble metabolic by-product and, as such, a relatively greater 
concentration of dissolved iron in source area groundwater as compared to background 
groundwater is indicative of this process.  Elevated concentrations of dissolved iron exist in the 
wells nearest to, and downgradient of Quarries 1, 2, and 3.  This spatial trend is consistent with the 
occurrence of natural attenuation. 
 
Dissolved Manganese 
 
Manganese reduction from the +4 to +2 valence state occurs under certain environmental and 
microbial conditions.  The biodegradation of benzene and PAHs can occur in conjunction with 
manganese reduction.  Greater concentrations of dissolved manganese (Mn +2) within source or 
plume areas are one of the indicator parameters that biodegradation is occurring.  Elevated 
concentrations of dissolved manganese exist in the wells nearest to Quarries 1, 2, and 3.  This 
spatial trend is consistent with the occurrence of natural attenuation. 

Temporal Analysis 
 
Changes in MNA parameters over time may be attributed to natural degradation, seasonal 
variability, natural fluctuation, and system disequilibrium.  Table 3 includes historical data for 
field and MNA parameters.  Appendix G shows electron acceptors plotted graphically over time 
for each individual well.  Non-detected values are represented by half of the detection limit.  Note 
that sulfate is plotted on a secondary axis.  Overall, the electron acceptors in the background wells 
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show some concentration fluctuation.  Fluctuation of electron acceptors shows the natural 
variability of background MNA parameters.  Individual Site wells show some variability in 
electron acceptors, but lack clear temporal trends at this time.   
 
Spatial Analysis 
 
The COP wells show a distinctly different MNA indicator parameter Radar Plot pattern than the 
EOP wells and background wells (Figures 10A and 10B).  These Radar Plot patterns are indicative 
of natural degradation in the vicinity of Quarries 1, 2, and 3.  Figures 10A and 10B display the 
expected natural attenuation trends, which include reduced levels of dissolved oxygen, increased 
levels of methane, increased levels of dissolved iron, and increased levels of dissolved manganese 
in the vicinity of the source zones.  Most deep wells show plot patterns that are indicative of 
anaerobic conditions, which may be a direct function of their depths.  Under reducing conditions, 
additional metal and cyanide complexes may also be dissolved, which is a pattern that is evident 
in the analytical data (Tables 4A and 4B).  Downgradient of the quarries, geochemistry transitions 
into a more aerobic state.  MW-17S and MW-19S radar plots begin to resemble more aerobic 
conditions.  As degradation occurs along the flow path, the shallow geochemistry reverts back to 
natural conditions.   
 
Anaerobic conditions near the quarries cause naturally occurring manganese and iron to dissolve 
as they are chemically reduced into their soluble forms.  Iron and manganese oxides typically 
contain trace concentrations of other metals that become dissolved under anaerobic conditions as 
well.  Appendix E shows iron and manganese concentrations compared to arsenic and selenium 
concentrations.  Iron concentrations correlate with arsenic concentration trends and selenium 
trends to a lesser degree.  Dissolved metals will eventually precipitate out of solution when aerobic 
zones are encountered.  Many metals, including arsenic, undergo co-precipitation with iron and 
manganese in aerobic or certain anaerobic zones.  Dissolved metals that were solubilized by 
reducing conditions will precipitate out of solution (mineralize) in the downgradient zones that are 
more aerobic. 

Inorganic Constituent Attenuation 
 
Attenuation of metals that are naturally occurring is only anticipated to occur if concentrations are 
elevated above background levels.  Furthermore, attenuation of naturally occurring constituents 
can only reasonably be expected to attain background concentrations.  The Crater Resources Site 
contains subsurface units with varying lithology.  Spatial and temporal geochemical variability 
exists between and within different geologic units.  Naturally occurring constituents are influenced 
by natural geochemical heterogeneity in addition to any Site related impacts.  Attenuation of 
naturally occurring constituents to concentrations that are less than naturally occurring 
concentrations is not possible under the natural geochemical regime.   

Attenuation of metals can be collectively placed under the sorption (adsorption/ absorption/ 
desorption) category and precipitation processes category which are generally driven by aquifer 
composition, changes in groundwater chemistry (primarily redox and pH conditions), and 
groundwater flow velocity (higher velocity equates to less sorption).  Redox conditions are 
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normally the key controlling factor regarding fate and transport of metals (USEPA, 2015).  Most 
redox sensitive metals typically become soluble in reducing conditions and insoluble in aerobic 
conditions.  Degradation of organic constituents at the Site creates reducing conditions, which can 
mobilize certain metals.  However, Site geochemical conditions will revert to natural aquifer 
conditions after organic constituent degradation is complete.  Site geochemistry also transitions 
from reducing conditions to more aerobic conditions downgradient of source zones as organic 
constituent degradation occurs.  Redox sensitive metals will become immobilized via precipitation 
and sorption downgradient of source zones and in source zones after organic constituent 
degradation is complete.  Many metals (iron, manganese, arsenic, selenium, etc.) will precipitate 
out of solution in these aerobic zones.   
 
Iron, manganese, arsenic, and selenium are among the most frequently detected metals exceeding 
GWCS at multiple well locations on the Site.  These constituents are also detected in background 
wells at lower levels.  The USEPA document Monitored Natural Attenuation of Inorganic 
Contaminants in Ground Water, Volume 2, Assessment for Non-Radionuclides Including Arsenic, 
Cadmium, Chromium, Copper, Lead, Nickel, Nitrate, Perchlorate, and Selenium (October 2007), 
describes detailed attenuation pathways of arsenic and selenium, some of which are applicable to 
the Crater Resources Site.   
 
The inorganic MNA conceptual model involves dissolved metals precipitating or sorbing out of 
solution.  Arsenic can attenuate through three different processes: 1) Precipitation of metal 
arsenates, arsenites, or arsenic sulfides; 2) Co-precipitation of arsenic as a trace component in iron 
or manganese oxyhydroxides or sulfides; 3) Adsorption or absorption to iron oxyhydroxides, iron 
sulfides, or other mineral surfaces (USEPA, 2007).  Selenium can attenuate through similar 
processes: 1) Biotic (microbial) or abiotic precipitation through reduction of selenate/selenite to 
elemental Se(0) and/or selenide by reduced Fe-bearing minerals; 2) Precipitation of metal selenates 
or selenites due to pH changes; 3) Adsorption to iron oxyhydroxides, iron sulfides, or other mineral 
surfaces (USEPA, 2007).  These attenuation pathways have been laboratory and field-tested.   

Geochemical conditions at the Site indicate that arsenic and selenium will co-precipitate and/or 
sorb with precipitating or existing iron-oxyhydroxide minerals (or other minerals) over time.  
Appendix E shows covariance of iron and manganese with arsenic and selenium.  Pure arsenic or 
arsenic oxides are not likely to form due to the abundance of naturally occurring iron in the system.  
Dissolved arsenic is more likely to co-precipitate with, or sorb to, iron bearing minerals.  Pure 
selenium minerals may form in reduced zones; however, sorption to iron oxyhydroxides, iron 
sulfides, or other mineral surfaces is likely the dominant attenuation pathway for dissolved 
selenium given the Site conditions.  MNA data suggest that attenuation of metals is generally 
occurring downgradient of the source.  A graphical representation of the March and September 
2021 metals results is presented in Appendix C.  It is difficult to accurately describe broad spatial 
trends for the inorganic data given that they occur naturally and are generally only present at levels 
slightly greater than background, but, in general, MW-17S appears to have lower metals 
concentrations relative to other Site wells.  This observation is consistent with the inorganic 
attenuation conceptual model that involves metals precipitating and/or sorbing out of solution in 
downgradient aerobic zones.  However, elevated turbidity may mask the attenuation of metals by 
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the precipitation and sorption pathways.  Inorganic attenuation in source zones will continue as 
organic degradation occurs. 
 
Cyanide 
 
Cyanide will attenuate through natural processes over time and along the flow path.  EOP wells 
data indicate many fewer, and much lower, cyanide detections relative to COP wells data, which 
indicates attenuation is occurring along the flow path.  Attenuation of cyanide may occur via 
adsorption, precipitation, and microbial degradation (Gagnon et al., 2004).  Soils containing 
ilmenite, hematite, bauxite, and pyrite, as well as mineral groups such as feldspars, zeolites, and 
clays have been shown to effectively adsorb free and metal complexed cyanides (Young et al., 
1995).  Cyanide, like many other compounds, exists in various forms or species.  Common cyanide 
species include metal cyanide complexes, cyanide amenable to chlorination, weak acid dissociable 
cyanide, and free cyanide.  Most cyanide exists as an anion (except hydrogen cyanide or HCN) 
and undergoes ion exchange with aquifer media over time which involves removing cyanide from 
the aqueous phase and adsorption to solid media (Gagnon et al., 2004).   
 
4.3 TREND TESTING  
 
4.3.1 Trend Testing Procedure 
 
Trend analyses for the groundwater analytical data were completed to determine if COI 
concentrations are increasing, decreasing, or showing no significant temporal trend over time.  The 
trend analyses were completed in accordance with the MNAWP using the commonly accepted 
M-K trend analysis procedure.  A confidence level of 90% was used as specified in the MNAWP.   

The M-K test for trend is a non-parametric statistical test that can be used to evaluate trends in data 
sets that do not follow a known distribution (e.g., normal or log-normal).  In addition, the M-K test 
is not dependent on the magnitude of the data, regularity of monitoring periods, missing data 
values, or non-detects.  The M-K test requires a minimum of four and a maximum of 40 sampling 
events to be considered valid.  Based on these conditions, the test was determined to be applicable 
for evaluation of the historical Site groundwater data. 

 
In its simplest form, the results of the M-K trend analysis are determined numerically via 
comparison of an S-statistic for each constituent for each well to a tabulated value.  The S-statistic 
is based on the signs (positive or negative) of successive differences in measurements of the same 
parameter.  The S-statistic is the difference between the number of observed positive signs and the 
number of observed negative signs when all previous data points are subtracted from each 
individual data point and the signs are determined.  For example, a data set consisting of four data 
points with value of 4, 3, 2, and 3 would yield results as follows: 
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Measurement Differences Signs 
4 NA NA 
3 -1 1 minus 
2 -2, -1 2 minus 
3 -1, 0, +1 1 minus, 1 plus 
Total  4 minus, 1 plus (S = -3) 

 
Intuitively, if concentrations tend to be greater over time, S will be positive; if they tend to be 
lower over time, S will be negative.  Given the number of samples (n) and the level of significance, 
there is a given probability that S will attain a given positive or negative value simply as a result 
of random variation. 

Detailed discussion of the M-K test is provided in Statistical Methods for Environmental Pollution 
Monitoring (Gilbert, 1987) and Statistical Guidance for Determining Background Ground Water 
Quality and Degradation (Dai, Welhan, et al., March 2014).   
 
4.3.2 Trend Analysis Results 
 
M-K trend analyses were performed for each organic constituent with concentrations that have 
exceeded their respective GWCS.  Inorganic constituents were also analyzed when concentrations 
exceeded their respective GWCS and were statistically elevated above background wells defined 
by the WMW testing.  The background comparison procedure and results were described in 
Section 4.1 of this document.  All background comparisons are preliminary at this time, but 
nevertheless, they provide useful information regarding natural conditions. 
 
The M-K trend analysis was completed as specified in the MNAWP.  The data collected from 
2010 through 2021 were used for each well to evaluate long term trends.  Detection limits were 
utilized for non-detect results.  The test only uses the relative magnitudes for determinations of 
trends. 
 
A summary of the M-K trend results is presented in Tables 9A and 9B.  Documentation for the 
individual M-K analyses is provided in Appendix H.  Table 9A displays M-K test results by well 
and Table 9B displays M-K test results by analyte.  As indicated, trend analysis was conducted for 
those constituent/well combinations where exceedances of GWCS are observed and background 
concentrations were exceeded in the case of inorganic constituents.  As part of the ProUCL output 
files presented in Appendix H, regression plots were automatically generated for all M-K tests that 
were completed.  These regression plots were generated through the ProUCL software and must 
be viewed with caution because non-detected data are not distinguished from detected data and the 
graph axes are defined by software default settings which may produce visually apparent trends 
for data with no significant trend because the y-axis range is small.  The regression plots shown in 
Appendix I (discussed in Section 4.4) use more appropriate axes and differentiate between detected 
and non-detected data. 

The M-K test results provide a general indication of trends for the various COIs at the Site.  In 
general, the results do not consistently demonstrate decreasing concentrations for all of the COIs, 
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which is to be expected given that many of the COIs are naturally-occurring.  Attenuation is 
expected for metals that were solubilized as a result of reducing conditions that were established 
during organic degradation in the vicinity of source zones.  However, attenuation of such metals 
is only anticipated to decrease to background levels for naturally occurring constituents.  The 
following is a summary of the trend testing results. 

• A total of 67 trend tests were performed and constituent trends were classified as 
increasing, decreasing, or having no trend.  Eleven increasing trend conclusions were 
observed, 32 decreasing trend conclusions were observed, and 24 no trend conclusions 
were observed.  In general, the results for the Site as a whole do not appear to be 
increasing.   

• The S-statistic (i.e., Mann-Kendall test value) reported in Table 9B provides a general 
indication of trend direction and trend magnitude.  The sign of the S-statistic indicates 
increasing trends (positive values) or decreasing trends (negative values).  The absolute 
value indicates the strength of the trend (higher absolute value indicates a stronger 
trend).  The S-statistic is compared to a critical threshold value at the specified level of 
confidence to determine an increasing trend, decreasing trend, or no trend.  The 
summation of all S-statistics is -4148 for the 2021 M-K testing which indicates that the 
Site as a whole exhibits decreasing concentration trends.   

• All organic constituents at all wells, for which an M-K test has been performed, exhibit 
decreasing trends with the exception of MW-20S benzene which resulted in an 
increasing trend and MW-13S phenol which resulted in no significant trend.  The MW-
20S benzene dataset mean is 2.3 µg/l and the apparent increasing trend is related to 
recent samples that yielded benzene at concentrations less than 10 µg/l.  With continued 
monitoring, is anticipated that MW-20S benzene concentrations will decrease over 
time.  The MW-13S phenol dataset trend test yielded a negative S-statistic, indicating 
a decreasing trend, but the magnitude of the S-statistic did not indicate a statistically 
significant decreasing trend.  With continued monitoring, is anticipated that MW-13S 
phenol concentrations will decrease over time.   

• Most inorganic constituents, for which an M-K test has been performed, exhibit 
decreasing trends or no significant trend.  BG-1S and BG-1D datasets indicated 
increasing trends for a few inorganic constituents.  Increasing trends of naturally 
occurring inorganic constituents at upgradient monitoring wells indicates ambient 
changes in groundwater that are not related to the Site.  MW-17D is the only Site 
downgradient monitoring well that exhibited an increase of an inorganic constituent 
(arsenic).  The MW-17D arsenic dataset mean is relatively low (6.9 µg/l) and the 
apparent increasing trend is related to a few recent samples.  With continued 
monitoring, it is anticipated that MW-17D’s arsenic concentrations will stabilize at 
levels consistent with naturally occurring concentrations over time.   

• Table 9B displays mean, standard deviation, and coefficient of variation in addition to 
the M-K test results.  The M-K test is a non-parametric rank test that does not utilize 
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parametric statistics, however, parametric statistics are useful for further data analysis.  
The parametric statistics reported in Table 9B are calculated from data collected from 
2010 through 2021.  The CV is a normalized standard deviation and indicates 
constituent stability.  High coefficient of variation values are reported for wells that 
sporadically contain high turbidity.  Samples containing high turbidity skew data and 
result in relatively high data variability.   

• It is not reasonable to expect natural attenuation of inorganic constituents that are 
detected in source and downgradient wells at concentrations that are statistically 
equivalent to background wells.  Observed concentration decreases or increases in such 
cases are likely due to seasonal variability, natural variation (spatially and temporally), 
and system disequilibrium.   

• Any dissolution of naturally occurring metals (for example, iron and manganese) in the 
subsurface media that occurred as a result of reducing conditions in the shallow source 
zones will precipitate out of solution in the near downgradient zones as the 
geochemistry transitions back to a relatively more aerobic condition.   

4.4 REGRESSION ANALYSIS 
 
Regression plots were generated for organic COIs detected in the COP wells and the results are 
presented in Appendix I.  Organic constituents typically degrade via a first-order rate model.  An 
exponential trend line was fit to the datasets in order to calculate degradation rates.  The slope of 
the exponential fit line is the first-order degradation rate constant.  The first order rate model is as 
follows: 
 

𝐶𝐶(𝑡𝑡) = 𝐶𝐶0 ∗ 𝑒𝑒−𝑘𝑘𝑘𝑘 
Where  
 C = concentration (µg/L) 
 C0 = initial concentration (µg/L) 
 k = first-order degradation rate constant (days-1) and, 
 t = time (days) 

 
Non-detect results are represented as open symbols on the regression plots; however, only detected 
concentrations were used in calculating the degradation rates.  Therefore, the calculated 
degradation rates are a conservative underestimate because they do not consider non-detected 
results.  The GWCS are also displayed on the plots for reference.  This degradation rate calculation 
approach is described as part of the first phase of analysis in the EPA guidance document 
Evaluating the Progress of Natural Attenuation in Groundwater (EPA 600/R-11/204).  
 
A second phase analysis, as described in the EPA guidance document Evaluating the Progress of 
Natural Attenuation in Groundwater (EPA 600/R-11/204), was completed as part of the 2015 
MNA report.  The second phase analysis was completed in response to the EPA letter dated 
November 30, 2015, which stated, “The report should determine an estimated time when 
groundwater cleanup goals will be met.”  However, the second phase analysis was premature 
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considering that remediation was incomplete and this approach is still premature given that 
Quarry 1 and Quarry 2 remediation was completed in 2020 and 2019, respectively.  At this time, 
it remains more appropriate to conduct a regression analysis in order to monitor degradation rates.  
EPA has acknowledged in a comment letter dated January 19, 2017, that the established schedule 
for MNA would begin after all source control (remediation) actions had been completed.  All 
source control actions had been completed before the September 2020 monitoring event. 
 
Appendix I contains individual regression plots.  The first 11 years of monitoring data were used 
for the regression plots.  Regression plots were completed for benzene, naphthalene, phenol, 2-
methylphenol, 4-methylphenol, and 2,4-dimethylphenol at MW-6, MW-11S, MW-11D, and MW-
13S.  Most regression plots were decreasing and/or below the GWCS.   
 
MW-6 (Quarry 1) 
 
MW-6 is adjacent to Quarry 1 which was capped in 2020.  All constituents analyzed had decreasing 
trends except phenol.  However, all phenol detections are approximately three to four orders of 
magnitude below the COP GWCS.  Benzene is the only constituent currently exceeding the 
respective GWCS (during the September 2021 sampling event), however, benzene is degrading.  
Quarry 1 remediation was completed in 2020 and it is anticipated that groundwater quality will 
continue to improve as a result of reduced infiltration within the Quarry 1 footprint.   
 
MW-13S (Quarry 2) 
 
MW-13S is adjacent to Quarry 2, which was capped in 2019.  Benzene, naphthalene, phenol, 
2-methylphenol, 4-methylphenol, and 2,4-dimethylphenol all currently exceed the COP GWCS in 
samples collected from monitoring well MW-13S.  However, all constituents exhibit decreasing 
trends at this monitoring well location.   
 
MW-11D (Quarry 3) 
 
MW-11D is located adjacent to Quarry 3 in the deep zone.  Benzene, naphthalene, and 
2,4-dimethylphenol currently remain above GWCS.  However, benzene, naphthalene, phenol, 
2-methylphenol, 4-methylphenol, and 2,4-dimethylphenol all exhibit decreasing trends.  Quarry 3 
was remediated between March 2009 and March 2010.  Quarry 1, is located upgradient of Quarry 
3.  If any plume commingling occurred between Quarry 1 and Quarry 3, then Quarry 1 remediation 
may assist in groundwater remediation in the vicinity of Quarry 3. 

MW-11S (Quarry 3) 
 
MW-11S is located adjacent to Quarry 3 in the shallow zone.  Benzene, naphthalene, phenol, 
2-methylphenol, 4-methylphenol, and 2,4-dimethylphenol all exhibit decreasing trends or are 
approximately an order of magnitude below COP GWCS.  All organic constituent concentrations 
were below the respective COP GWCS during the September 2021 sampling event.     
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Constituent Trends 
 
MNA monitoring commenced after remediation of Quarry 3 in November 2010.  Regression 
graphs include data collected from November 2010 through September 2021.  Regression graph 
data does not include any pre-remediation data.  However, the initial sampling events following 
completion of Quarry 3 remediation are similar to pre-remediation conditions.  The regression 
graphs show a first order rate model (i.e., exponential decay).  Therefore, concentrations are 
expected to decline more rapidly initially and then less rapidly as time proceeds.   
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5.0 SUMMARY 
 
Based on the first 11 years of MNA sampling and analysis, the following observations have been 
made: 
 

• The presence of organic COIs at concentrations greater than COP GWCS are generally 
limited to the immediate vicinity of Quarries 1, 2, and 3.  The data indicate that organic 
constituent concentrations are generally decreasing over time albeit to a lesser extent 
adjacent to Quarries 1 and 2.  Source remediation was recently completed at Quarry 1 
and Quarry 2, and it is anticipated that groundwater quality will continue to improve as 
a result of reduced infiltration in these areas.   

• Regression analyses of organic constituent sample data for COP wells indicates that 
concentrations are either below the GWCS or trending downward.  Based on the 
regression analysis, concentrations of organic constituents in groundwater located 
immediately downgradient of Quarry 3 (MW-11S and MW-11D) have continued to 
decrease as a result of the source removal remedial action completed for Quarry 3 by 
the Group.  MW-11S and MW-11D contain multiple organic constituents that have 
already degraded to concentrations below the COP GWCS.  The MW-11S sample 
collected in September 2021 did not yield any COP GWQS organic constituent 
exceedances.  The only other MW-11S sample that did not yield any COP GWQS 
organic constituent exceedances was collected in March 2020.  It is premature to fully 
evaluate attenuation rates given that Quarries 1 and 2 were recently capped and 
continued monitoring is required in order to detect beneficial effects on water quality 
after a new steady state condition is established.  However, at this time, the regression 
analyses performed show attenuation is occurring in all COP wells to varying degrees.   

• A total of 67 trend tests were performed and constituent trends were classified as 
increasing, decreasing, or having no trend.  Eleven increasing trend conclusions were 
observed, 32 decreasing trend conclusions were observed, and 24 trendless conclusions 
were observed.  The S-statistic (i.e., Mann-Kendall test value) reported in Table 9B 
provides a general indication of trend direction and trend magnitude.  The sign of the 
S-statistic indicates increasing trends (positive values) or decreasing trends (negative 
values).  The absolute value indicates the strength of the trend (higher absolute value 
indicates a stronger trend).  The S-statistic is compared to a critical threshold value at 
the specified level of confidence to determine an increasing trend, decreasing trend, or 
no trend.  The summation of all S-statistics is -4148 for the 2021 M-K testing which 
indicates that the Site as a whole exhibits decreasing concentration trends. 

• The M-K trend testing presented in Section 4.3 and the regression graphs presented in 
Section 4.4 are two different approaches for examining concentration trends over time.  
The M-K trend test is a non-parametric test that is well suited for datasets with non-
detect values.  The regression graphs as presented in Appendix I use a first-order (or 
pseudo-first order) rate model which is appropriate for natural attenuation and 
biodegradation assessments.  The regression graphs include non-detected data for 
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visual purposes, however, only detected data are used for calculation of first-order 
decay trend lines and rate constants.  Both the M-K trend testing and the regression 
graphs indicate that constituents are naturally attenuating at the Site.   

• MNA and field parameter data support natural attenuation conceptual models.  The 
spatial trends for the majority of the natural attenuation indicator parameters are 
consistent with the continuing occurrence of natural biodegradation.  Generally, the 
COP wells and the EOP deep wells exhibit anaerobic reducing conditions, which may 
be causing the dissolution of metal and cyanide complexes in addition to degrading 
organic COIs. 

• A correlation analysis presented in Table 6 indicates that there is a general lack of 
correlation between inorganic constituents and organic constituents from a Site-wide 
perspective.  A lack of correlation between inorganic constituents and organic 
constituents suggests that inorganic constituents are naturally occurring.  Manganese 
showed some correlation with organic constituents, however, manganese is a 
biodegradation indicator.  Barium showed some correlation with organic constituents, 
however, this result was due to outlier data for MW-13S which appears to have 
naturally occurring, localized, higher barium concentrations. 

• Evaluation of the data suggests that the background wells are yielding representative 
background samples.  However, all background comparisons are considered 
preliminary at this time and background samples will continue to be monitored to 
confirm their representativeness.   

• Upper confidence limits (UCL) of the mean for BG-1S and BG-1D arsenic, barium, 
chromium, iron, manganese, mercury, selenium, thallium, and vanadium all exceed 
EOP and/or COP GWCS.  This finding suggests that most metals naturally occur in 
groundwater at concentrations greater than site standards.    

• MW-20S (benzene) and MW-17D (arsenic) were the only non-background datasets 
that were detected above GWCS (during September 2021), above background levels 
(WMW test), and exhibit increasing concentration trends (M-K test).   

• All well samples (including background well samples) consistently yield arsenic and 
selenium exceedances.  The WMW tests showed that arsenic and selenium were 
statistically equivalent to background concentrations for several comparisons.  The 
COP GWCS for arsenic and selenium are 1 µg/L and 0.4 µg/L, respectively.  The EOP 
GWCS for arsenic and selenium are 0.04 µg/L and 0.006 µg/L, respectively.  The 
GWCS for arsenic and selenium are three to four orders of magnitude less than the 
national primary drinking water MCLs which are 10 µg/L and 50 µg/L for arsenic and 
selenium, respectively.   

• Attenuation of naturally occurring constituents is only anticipated to occur if 
concentrations are elevated above background levels.  Attenuation of naturally 
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occurring constituents can only reasonably be expected to attain background 
concentrations, which is consistent with USEPA’s ROD which specified that cleanup 
below background levels would not be required. 

• As indicated by EPA’s comment letter dated January 19, 2017, the established schedule 
for MNA began after all source control (remediation) actions were completed.  Quarry 
1 remediation was completed in 2020.  The September 2020 sampling event was the 
first event following source control and 2021 was the first full year for which all source 
control actions have been completed. 
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6.0 RECOMMENDATIONS 
 
It is evident that natural attenuation is occurring, and it is deemed that natural attenuation is an 
appropriate groundwater remediation approach.  Furthermore, remediation of Quarry 1 and Quarry 
2 was recently completed.  Therefore, it is recommended that MNA be continued at the Crater 
Resources Superfund Site to further evaluate anticipated groundwater quality improvements.  
Monitoring will remain on a semi-annual sampling schedule.  
 
It is recommended that background concentration comparisons for naturally occurring constituents 
that exhibit spatial and temporal variability continue in the future in an effort better understand 
performance and progress of the natural attenuation remedy.  All background comparisons 
presented in this report are preliminary, but nevertheless, they provide valuable insight regarding 
natural conditions.  
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